INTRODUCTION
Previous studies have shown a variety of atmospheric disturbances (e.g., sonic booms, meteoroid falls, thunder, and explosions) can be detected by a seismograph if the acoustic pressure wave energy is sufficiently strong. Kanamori et al. (1991) and Cates and Sturtevant (2002) used the seismic network in southern California to study sonic booms generated by the space shuttle and aircraft. Ishihara et al. (2003) used seismic data from a dense seismographic array in the northeastern region of Honshu Island, Japan, to determine the trajectory of a meteoroid. Kappus and Vernon (1991) analyzed the acoustic signature of thunder from a seismic instrument located at Kislovodsk, USSR.
Atmospheric shock waves generated by sonic booms, meteoroid falls, and explosions have been observed in the Center for Earthquake Research and Information (CERI) Cooperative Seismic Network ( Johnston 1987; Langston 2004 ). On 28 January 2004 at 01:58 UTC, 11 short-period and nine broadband CERI network stations (figure 1) recorded high signal-tonoise ratio signals generated by an unknown source (figure 2). A preliminary analysis of the waveforms and slow velocity across
Atmospheric shock waves generated by sonic booms, meteoroid falls, and explosions have been observed in the Center for Earthquake Research and Information (CERI) Cooperative Seismic Network ( Johnston 1987; Langston 2004 ). On 28 January 2004 at 01:58 UTC, 11 short-period and nine broadband CERI network stations (figure 1) recorded high signal-tonoise ratio signals generated by an unknown source (figure 2). A preliminary analysis of the waveforms and slow velocity across Liu et al. (1997) to perform down-hole vertical seismic profiling. ▲ the network suggested that these signals were not generated by an earthquake but by an acoustic source. CERI also received several calls from the public in southern Missouri reporting large booming noises around the time when the event was recorded by the CERI network (G. Patterson, personal communication, 2005) . One of these reports was from a medical worker in a two-story building in Poplar Bluff, Missouri. She reported that everyone on the second floor felt a hard jarring shake and heard a loud explosion, but few felt it on the first floor. The seismic signals have durations of 30 to 70 s with distinct later arrivals. For example, see stations PARM and WADM shown on figure 2.
We analyze these anomalous seismic signals to determine horizontal phase velocity, back azimuth, and source location using first arrival data. We also determine particle motions to propagation mode.
DATA ANALYSIS
We used 11 short-period and nine broadband CERI seismic network stations in this study (table 1) the network suggested that these signals were not generated by an earthquake but by an acoustic source. CERI also received several calls from the public in southern Missouri reporting large booming noises around the time when the event was recorded by the CERI network (G. Patterson, personal communication, 2005) . One of these reports was from a medical worker in a two-story building in Poplar Bluff, Missouri. She reported that everyone on the second floor felt a hard jarring shake and heard a loud explosion, but few felt it on the first floor. The seismic signals have durations of 30 to 70 s with distinct later arrivals. For example, see stations PARM and WADM shown on figure 2.
We used 11 short-period and nine broadband CERI seismic network stations in this study (table 1) . Broadband seismic stations have CMG-40T seismometers with 16-bit resolution digitizers. Short-period seismic sensors consist mostly of Mark The original data waveforms were corrected by removing the instrument responses and numerically integrated to find ground displacement. A four-pole Butterworth bandpass filter with corners at 1 and 10 Hz was applied to the displacement waveforms based on an analysis of noise and Fourier spectra. Finally, the first arrivals were carefully picked.
We hypothesized that an atmospheric traveling disturbance near the ground surface was the most likely source of the anomalous signals. We tested this hypothesis by analyzing the first arrivals at stations using tripartite array analysis, a traveltime grid search technique, and wave polarization analysis.
TRIPARTITE ARRAY ANALYSIS
We use tripartite array analysis to determine the ray parameter (i.e., the reciprocal of horizontal phase velocity) and the azimuth for the plane-wave sweeping across the array. By assuming that a plane wave front travels across the tripartite array, the travel times (t i ) from origin station (at t 0 ) to the other two stations are
where p is the ray parameter of the incident wave vector. d i is the projected distance between the origin station and ith station on the incident wave vector, and is given by
where θ is the azimuth of the wave vector, x i and y i are coordinates of ith station. The ray parameter for one azimuth is given by
and is constrained to lie in the range
where V air is the acoustic velocity of air, which is assumed to be 0.33 km/s according to the local temperature data in table 2. Although there are two parameters, ray parameter and azimuth, to be determined from arrival time data, ray parameters can be expressed as a function of azimuth by using equations 2 and 3. The origin is then placed on station 2 and station 3, sequentially, and the same calculations are repeated. For each origin station, one ray parameter-azimuth function can be determined. If the assumption of a plane wave front is valid, these three functions from each origin station will intersect at one point on the ray parameter-azimuth plot. The intersection gives the ray parameter and azimuth of the incident wave vector Three tripartite arrays from the network were chosen with the length of sides between 30 and 45 km (figure 1). The resulting ray parameter determinations are listed in table 3 and figure 3. Note that incident angles were computed by assuming a propagation velocity of 0.33 km/s. We applied 2 s (±1 s) random error in observed arrival times and propagated these errors through the ray parameter and azimuth determination using a Monte Carlo error propagation technique (table 3 and figure  3 ).
As shown in table 3, the results reveal that horizontal phase velocity equals the speed of sound in air, suggesting that an aircoupled surface wave is the most likely propagation mode of the seismic disturbance. The inferred azimuths suggest that the source was located west of the arrays. That the wave is an aircoupled surface wave follows the classical observations of Press and Oliver (1955) , who excited air-coupled surface waves by simulating a horizontally traveling air pulse with an air explosion in the laboratory. Johnston (1987) also observed this phenomenon in data from the early CERI network caused by a distant missile silo explosion 80 to 280 km from the stations.
GRID SEARCH ANALYSIS
We used a grid search technique based on the time differences of first arrivals between each individual station of the network to verify the observations from the tripartite array analysis. A grid interval of 0.01 degree in latitude and longitude was used to cover the study region. The travel time from a grid point to a station is calculated simply by dividing the distance between them by a constant horizontal phase velocity. We again assumed a constant horizontal phase velocity of 0.33 km/s across the network to be consistent with the tripartite array analysis. At each grid point, three stations will have three time differences between stations for the calculated travel time. In this study, there are 20 total observed first arrival data providing 190 observed time differences. At one grid point we can calculate the 1-norm residual for the case of three stations
where t i denotes the first arrival times and T is the sum of the absolute values of the differential first arrival times. The 1-norm residual is defined as the absolute value between the observed time difference sum and the calculated time difference sum. This mechanism removes the dependence of the arrival times on source origin time.
The grid point at latitude 35.75° and longitude -91.95° has the minimum 1-norm residual and is the most likely source location (figure 4). We used a Monte Carlo error propagation technique using a 2-s (±1 s) random error at each station to study the stability of the source location due to the uncertainties of the first arrivals (figure 4). The 95% confidence region in figure 4 was computed using 1,000 realizations of the Monte Carlo technique and shows that the best latitude and longitude have 0.01°and 0.08° (or about 1 km and 9 km) confidence intervals at latitude 35.75° and longitude -91.95°, respectively. The source distribution pattern in figure 4 generally shows east-west stretching due to the station spatial distribution east of the source. The azimuths at the three subarrays calculated by tripartite array analysis are coincident with the best-fit location determined by the grid search technique. the length of sides between 30 and 45 -3. Note that incident angles were computed by assuming a propagation velocity of 0.33 km/s. We applied 2 s (±1 s) random error in observed arrival times and propagated these errors through the ray parameter and azimuth determination using a Monte 3). As shown in table 3, the results reveal that horizontal phase velocity equals the speed of sound in air, suggesting that an aircoupled surface wave is the most likely propagation mode of coupled surface wave follows the classical observations of Press and Oliver (1955) , who excited air-coupled surface waves by simulating a horizontally traveling air pulse with an air explosion in the laboratory. Johnston (1987) also observed this phenomenon in data from the early CERI network caused by a distant missile silo explosion 80 to 280 km from the stations.
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east-west stretching due to the station spatial distribution east 
▲
We generated a travel-time curve (figure 5A) according to station distances from the best-fit source location (latitude 35.75° and longitude -91.95°) assuming station QUAR was the closest because it had the earliest arrival time. Fitting the timedistance data with a linear regression algorithm shows very good agreement with the assumption of constant horizontal phase velocity of 0.33 km/s. The reciprocal of the regression line slope is the same as the assumed horizontal phase velocity of 0.33 km/ s, and the spread around the regression line is very narrow with a standard deviation of 2.4 s. The inferred origin time for this event is 01:52:59.00 UTC. To investigate the uncertainty in the horizontal phase velocity, different horizontal phase velocities were used to get the corresponding best-fit source locations and the consequent travel-time curves. The standard deviation defined in the linear regression was calculated for each different horizontal phase velocity and plotted, and it suggests the value of 0.33 km/s is well-constrained (figure 5B).
WAVE POLARIZATION ANALYSIS
We used available three-component displacement waveform data at 10 stations to study the initial particle motions using eigenvalue and eigenvector decomposition and particle motion plots. Initial particle motions contain information that can help constrain the direction of the incident waves and identify the wave types. Matsumura (1981) showed that the directions of the principal axes are coincident with the directions toward the epicenter using the covariance matrix method on initial P-wave particle motions. Langston (2004) showed that the azimuth of polarization of acoustically induced seismic signals can be estimated from particle motions of the east-west and north-south components. In other words, the particle motions of acoustically induced seismic signals are generally linearly polarized in the propagation direction.
Assume that we have three-component windowed displacement waveform data, say X e , X n , and X z with N samples each in one time window, where the subscripts e, n, and z represent E-W, N-S, and vertical components, respectively. The next step is to construct the covariance matrix using the correlation operator, X ee X en X ez X ne X nn X nz X ze X zn X zz = X e X n X z X e X n X z
After forming the covariance matrix we computed the eigenvalues and eigenvectors of the matrix. The eigenvalues are expressed as energy weighting factors for the corresponding eigenvectors serving as principal directions. We applied a moving time window of 0.26 s, continuously shifting 0.13 s each time, to analyze 4-s windows following the first arrival. We used a 0.26-s moving time window length because the dominant signals within 4 s after the first arrival have average periods between 0.15 and 0.25 s. Each individual time window generates three eigenvalues and eigenvectors. In this analysis we are interested in the maximum eigenvalue and its corresponding eigenvector. The resulting maximum principal directions at our 10 stations are shown in figure 6 . The maximum principal directions generally point in a direction toward or away from the best-fit source location determined by grid search analysis (figure 6). We transformed the E-W, N-S, and vertical displacement seismograms to radial, transverse, and vertical components corresponding to the best-fit source location determined in the grid search analysis. Figure 7 shows examples of the first 2 s of particle motion in the radial-vertical plane. Six stations show distinct prograde motions with the major axis of the ellipse near the horizontal plane. At one station, HBAR, we observe retrograde motion in the later portion of particle motions. Prograde elliptical particle motions imply the leaky mode propagation and PL-wave formation within a waveguide (Oliver and Major 1960) . Retrograde motions indicate the characteristics of aircoupled Rayleigh wave propagation (Ewing et al. 1957) . tripartite array analysis are coincident with the best-fit location determined by the grid search technique.
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Assume that we have three-component windowed displacement waveform data, say X e , X n , and X z with N samples each in one time window, where the subscripts e, n, and z represent E-W, N-S, and vertical components, respectively. The next step is to construct the covariance matrix using the correla- In this analysis we are interested in the maximum eigenvalue and its corresponding eigenvector. The resulting maximum principal directions at our 10 stations are shown in figure 6 . The maximum principal directions generally point in a direction toward or away from the best-fit source location determined by grid search analysis (figure 6). We transformed the E-W, N-S, and vertical displacement seismograms to radial, transverse, and vertical components corresponding to the best-fit source location determined in the grid search analysis. Figure 7 shows examples of the first 2 s of particle motion in the radial-vertical plane. Six stations show distinct prograde motions with the major axis of the ellipse near the horizontal plane. At one station, HBAR, we observe retrograde motion in the later portion of particle motions. Prograde elliptical particle motions imply the leaky mode propagation and PL-wave formation within a waveguide (Oliver and Major 1960) . Retrograde motions indicate the characteristics of aircoupled Rayleigh wave propagation (Ewing et al. 1957 ). 
DISCUSSION AND CONCLUSIONS
Results from tripartite subarrays and grid search analyses suggest that acoustic waves from an explosion propagating in the atmosphere across the CERI seismic network was the cause of the anomalous seismic signals on 28 January 2004. The best-fit location for the explosion is at latitude N35.75° and longitude W91.95°; it occurred at 01:53 UTC. There was no seismic precursor, P-wave, or S-wave arriving before the acoustical signals. This was explained by Johnston (1987) , who studied a missile silo explosion and suggested that most blast energy was channeled directly into the atmosphere.
We examined local news reports from the Batesville, Arkansas, Daily Guard, topographical maps, and satellite imagery to find clues for the source of the explosion. The epicentral area is one of forest and farms with no apparent mining activities. The pattern of travel times and particle motions are not consistent with an aircraft sonic boom unless the aircraft exceeded the speed of sound while flying vertically, which could produce a radially propagating shock wave within the atmospheric waveguide. It is also conceivable that a large, private chemical explosion was detonated in the area. We have no additional data to discriminate between these possibilities.
According to the U.S. Standard Atmosphere (1976) model (Webster 2003) and the Mass Spectrometer and Incoherent Scatter Radar empirical model (NRLMSISE-00: Picone et al. 2002) for the study region, acoustic rays from a radiating point source on or near the ground will not turn back to the ground but will escape into the thermosphere. To explain the horizontal phase velocity of 0.33 km/s observed across the CERI seismic network, there must have been a waveguide to trap the acoustic energy in the low-altitude atmosphere. Because sound speed is proportional to the square root of temperature, this implies that there should be a temperature inversion in the low-altitude atmosphere to be able to create a bounded low acoustic velocity channel.
Local climate data from the National Oceanic and Atmospheric Administration (NOAA) for the three observation stations at Dyersburg, Tennessee; Jonesboro, Arkansas; and Memphis, Tennessee are shown in table 2. Temperatures were lower on 28 January 2004 than on the other days of January 2004; the temperature that day was lower than even the 30-year average temperature. These dramatic surface temperature drops were the result of a cold front. The available radiosonde data from NOAA are used to generate temperature and winddirection profiles and are shown in figure 8. Figure 8 shows that nearly all stations experienced temperature inversions in the troposphere and the wind directions in the troposphere were generally blowing from the northwest and west. Northwest and west wind directions agree with the typical wind direction of a cold front. This temperature inversion structure suggests that acoustic rays initiating from a ground explosion would be confined to the near-surface low velocity channel, explaining why these waves were recorded at such great distance.
The analysis of particle motions shows that most ground motions display characteristics of prograde leaky mode PLwave propagation but that one station, HBAR, shows retrograde Rayleigh wave propagation. A synthetic seismogram computation performed by Langston (2004) suggested that such propagation modes are possible and may be excited by an atmospheric acoustic source from analysis of Mississippi embayment near-surface velocity models (Liu et al. 1994; Schneider et al. 2001; Romero and Rix 2001) 
According to the U.S. Standard Atmosphere [caps necessary?](1976) model (Webster 2003) and the Mass Spectrometer and Incoherent Scatter Radar [caps necessary?]empirical model (NRLMSISE-00: Picone et al. 2002) for the study region, acoustic rays from a radiating point source on or near the ground will not turn back to the ground but will escape into the thermosphere. To explain the horizontal phase velocity of 0.33 km/s observed across the CERI seismic network, there must have been a waveguide to trap the acoustic energy in the low-altitude atmosphere. Because sound speed is proportional to the square root of temperature, this implies that there should be a temperature inversion in the low-altitude atmosphere to be able to create a bounded low acoustic velocity channel.
The analysis of particle motions shows that most ground motions display characteristics of prograde leaky mode PLwave propagation but that one station, HBAR, shows retrograde Rayleigh wave propagation. A synthetic seismogram computation performed by Langston (2004) suggested that such propagation modes are possible and may be excited by an atmospheric acoustic source from analysis of Mississippi embayment near-surface velocity models (Liu et al. 1994; Schneider et al. 2001; Romero and Rix 2001) . Prograde particle motions are consistent with most of the ground motions from a bolide . Temperature profiles and wind direction from radiosonde data. Note the low-altitude temperature inversion indicated by the dotted arrows for altitudes lower than 5 km at most stations in the region. This formed a near-surface waveguide that allowed the explosion to be heard and recorded over the area of the CERI seismic network. The wind directions shown in the left axis were generally blowing from the northwest and west in the troposphere and agree with typical wind direction of a cold front. shock wave recorded by the CERI seismic network (Langston 2004) . There are four stations, HBAR, LPAR, LVAR, and TWAR, that recorded both high signal-to-noise waveform data in the bolide shock wave study by Langston (2004) and in this study. Stations LPAR, LVAR, and TWAR display prograde particle motions for both sources and HBAR displays consistent retrograde particle motions as well.
